Introduction
============

In recent years, we have seen an increased interest in the application of oncolytic virotherapy for the treatment of human tumors.[@b1-ov-4-149] These treatments have already reached the clinical arena, and the first results of clinical trials have been published. Oncolytic viruses may become a new option in the antitumor armamentarium, although there is still a long way ahead for clarifying indications, dosage, treatment guidelines, and other aspects that will determine the optimization of their use in humans. The therapeutic potential of oncolytic viruses has been repeatedly demonstrated in different in vitro models; however, the administration in experimental animals first, but especially in patients, has put in a more realistic light the therapeutic capacity of oncolytic virotherapy. There are some limitations to the clinical use of oncolytic viruses that decrease their effectiveness very significantly. On the one hand, the antiviral immune response that the body develops causes the elimination of the therapeutic effect following the first administration or even with the first dose in preimmunized patients. Moreover, the poor natural ability of oncolytic viruses to infect micrometastatic lesions significantly minimizes the effective dose of virus; increasing the dosage does not ensure a greater effect due to increased toxicity as well as due to the antiviral immune response. This problem does not occur in localized tumors, but it is significant in metastatic tumor disease, which is the leading cause of cancer death.

It is not surprising then that strategies to overcome these limitations have been pursued in order to improve the results of oncolytic virotherapy. Several groups, including ours, began to explore years ago the possibility of using cells as vehicles for avoiding those limitations.[@b2-ov-4-149] First, to increase the amount of viral particles that are released at metastasis areas, exploiting the ability of these cell vehicles to localize and integrate into the tumor masses after intravenous (IV) administration. Microscopic inspection of cancerous lesions identifies a series of accessory cells that are recruited during tumor growth: myeloid cells, macrophages, lymphocytes, endothelial cells, and mesenchymal cells. IV infusion of any of the aforementioned cells in animals with metastatic cancer has shown a preferential localization in tumor beds. On the basis of this fact, the cells are used as Trojan horses bearing antitumor agents in them, to be released in the right place.[@b3-ov-4-149] Various oncolytic viruses and tumor-infiltrating cell types have been evaluated in this strategy, using several tumor models. The common result of these experiments has been the preclinical demonstration of the feasibility of the strategy. In addition to tumor targeting capacity, the cell vehicles can facilitate the therapeutic effect of oncolytic virotherapy, extending its life by hiding the virus from recognition and attack by the immune system in the immediate time after administration. This is critical for all of the aforementioned limitations to have clinical impact.

Mesenchymal cells have arrived at the clinic as oncolytic virotherapy cell vehicles, partly due to the fact that these cells are actively being evaluated for other indications.[@b4-ov-4-149] In the field of cancer, there are a few early phase clinical trials using mesenchymal stem cells (MSCs). One is evaluating their capacity to home to sites of prostate cancer in men with localized adenocarcinoma of the prostate ([ClinicalTrials.gov](http://ClinicalTrials.gov) Identifier: NCT01983709). The second is assessing safety and efficacy of MSCs genetically modified to produce interleukin-12 in head and neck cancer patients (NCT02079324). Two trials are using MSCs as cell carriers for oncolytic virotherapies, with an oncolytic measles virus (NCT02068794) and with an oncolytic adenovirus (NCT01844661). A few years ago, our group began evaluating the use of mesenchymal cells as cell carriers for the administration of an oncolytic adenovirus in children with metastatic neuroblastoma.[@b2-ov-4-149] During this time, we have increased our clinical experience with this antitumor strategy. This review will focus on updating the fundamentals that determine their antitumor potential.

Mesenchymal cells
=================

Forty years ago, Friedenstein et al[@b5-ov-4-149] described the isolation of stromal cells from bone marrow by plastic adherence. These cells had a clonal capacity and the ability to support ectopic bone, stroma, and hematopoietic tissues. At the end of the last century, part of the heterogeneous stroma of bone marrow was categorized as MSCs based on their in vitro potential of trilineage differentiation (osteoblast, adipocyte, and chondrocyte) and self-renewal.[@b6-ov-4-149] Some studies have further reported MSC differentiation into multiple other cell types of mesodermal and nonmesodermal origin. Nevertheless, such multipotential capabilities of MSCs are not universally accepted.[@b7-ov-4-149] After their initial discovery in bone marrow, MSCs have been isolated and characterized from several adult and fetal tissues, including adipose, dermis, synovial fluid, umbilical cord blood, placenta, and amniotic fluid.[@b6-ov-4-149] These stem cells are commonly called marrow stromal stem cells, mesenchymal stromal cells, adipose-derived stromal cells, or MSCs. In 2006, the International Society for Cellular Therapy proposed the denomination of mesenchymal stromal cells and a set of minimal criteria to characterize MSCs: they must be plastic adherent and express CD105, CD73, and CD90 but not CD45, CD34, CD14 or CD11b, CD79a or CD19, and HLA-DR surface molecules. Moreover, MSCs must differentiate in vitro to osteoblasts, adipocytes, and chondroblasts.[@b8-ov-4-149]

The use of MSCs for therapeutic applications, especially as tools in cellular therapies for clinical protocols involving immune system alterations, has been deeply explored because of their inherent ability to home to sites of inflammation following tissue injury and deploying their high immunoregulatory capacity.[@b4-ov-4-149],[@b9-ov-4-149] MSCs profoundly affect immune response via their interactions with the cellular components of the innate and adaptive immune system and through cell--cell contact and/or the secretion of soluble factors.[@b10-ov-4-149]

Mesenchymal stem cells as carriers
==================================

More than a decade ago, Studeny et al[@b11-ov-4-149] reported that MSCs contribute to tumor stroma formation after IV administration. This work further demonstrated that MSCs could serve as a platform for the delivery of biological agents into tumors, by genetically overexpressing an antitumor element, IFN-beta in this report, in the carrier cells that resulted in the inhibition of the growth of malignant cells in vivo. Many other papers followed Studeny et al's report,[@b11-ov-4-149] proving experimentally that MSCs targeted several models of metastatic tumors and could be used as part of a new class of medicines against cancer. Monitoring of MSCs infused into animals with tumors using different imaging techniques confirmed the preferential localization of these cells in tumor areas.[@b12-ov-4-149] In light of these experimental results, a clear interest emerged in deciphering the molecular basis responsible for the preferential migration of MSCs to sites where cancerous lesions are located. One of the first studies addressing this compared the gene expression profiles of MSCs cultured ex vivo with medium from either tumor cells or bone marrow.[@b13-ov-4-149] Several transcripts were found to be differentially expressed, including chemokines (CXCL12 and CXCL-2), CINC-2, endothelial cell specific molecule-1, fibroblast growth factor-7, nuclear factor-κB p105, and thrombomodulin. These authors applied a proteomic approach to identify soluble signaling molecules that induced MSC chemotaxis and were present in the conditioned medium of tumor cells. Cyclophilin B and hepatoma-derived growth factor were characterized and shown to promote MSC chemotaxis.[@b14-ov-4-149] It is interesting to note that the exposure of MSCs to cancer cell lines of different histological origins resulted in the upregulation of adhesion molecules in the MSCs that varied depending upon the cell lines used,[@b15-ov-4-149] indicating that the response of MSCs is not universal but modulated by tumor-derived factors.

Similarly, the process of MSC homing is compared to the migration and homing of leukocytes during inflammatory processes. It is assumed that the different steps recognized for leukocytes (tethering, rolling, firm adhesion, and diapedesis)[@b16-ov-4-149] occur similarly after infusing MSCs intravenously. However, extensive studies to verify whether the mediators involved during the migration and extravasation of leukocytes are the same (or what differences may exist) as those of MSCs have not yet been carried out.[@b17-ov-4-149] Although mechanical entrapment of MSCs has been described after IV injection,[@b18-ov-4-149] active arrest of MSCs within inflamed tissues has been demonstrated in studies[@b19-ov-4-149],[@b20-ov-4-149] that showed a role for molecules of the selectin and integrin families. Interfering with the adhesion molecule VLA-4 (that governs the arrest of leukocytes on activated endothelium) reduced the engraftment of MSCs in ischemic myocardium.[@b19-ov-4-149] In a different setting, P-selectin knockout MSCs did not slow down in postcapillary venules compared to wild-type MSCs.[@b20-ov-4-149] These results suggest that the engraftment of MSCs within target tissues depends on specific molecular interactions, rather than nonspecific mechanical causes.

A different set of molecules implicated in the homing of MSCs to specific sites, including tumors, are chemokines. They may be released from inflamed tissues, endothelial cells, or directly from tumor cells, and may promote activation of adhesion ligands, transendothelial migration, chemotaxis, and/or subsequent retention in surrounding tissue. MSCs express various chemokine receptors[@b21-ov-4-149],[@b22-ov-4-149] and respond to their corresponding ligands. A number of chemokine signaling pathways have been associated with migratory activities of MSC. The role of the CXCR4-CXCL12 (SDF-1) axis has been controversial. It was reported that only a small proportion of MSCs expressed CXCR4,[@b23-ov-4-149] but cytokines such as insulinlike growth factor 1 increases the expression of CXCR4 on MSC and their migratory capacity in vitro.[@b24-ov-4-149] The CXCR4-MIF (macrophage migration inhibitory factor) axis, and not the classic CXCR4-CXCL12, has been recently introduced as the key director of MSC migration and infiltration toward tumor cells.[@b25-ov-4-149] Using in vitro migration and invasion assays and an in vivo pulmonary metastasis model, the authors found that CXCR4 was the major receptor used by MIF in the homing of MSCs into the tumor environment. Genetic elimination of either CXCR4 or MIF abrogated the capacity of MSCs for homing into tumors. Human MSCs have been shown to migrate toward CCL2-containing medium derived from the primary cultures of primary cancer patient tissues,[@b26-ov-4-149] and in a mouse model of breast carcinoma.[@b27-ov-4-149] It is interesting to note that the level of CCL2 expression correlates with the level of matrix metalloproteases (MMPs; MT1-MMP/MMP14),[@b28-ov-4-149] for reasons discussed later. Another chemokine axis involved is CCR9-CCL25. Human MSCs express CCR9 in their surface,[@b21-ov-4-149] while CCL25 is expressed in multiple myeloma cells[@b29-ov-4-149] and has a chemotactic function for MSCs.[@b30-ov-4-149] All these data on chemokines as recruiters of MSCs are not unexpected since cancer and inflammation are closely related.

The final step in the migratory activity of MSCs deals with transmigration and invasion of the basement membrane of endothelium and degradation of the extracellular matrix (ECM) during chemotaxis. It is known that MSCs produce proteases for achieving this step. Genetic and pharmacologic inhibition of MMP2 in MSCs reduced transendothelial migration in vitro.[@b31-ov-4-149] In vitro assays of MSCs invasion through ECM-coated transwell chambers showed that downregulation of MMP-2, MT1-MMP, and TIMP-2 significantly impaired the migration of MSCs when compared with control cells.[@b32-ov-4-149] Using glioma cells as stimulus, functional inactivation of MMP1 abrogated the migratory potential of MSCs, while the addition of recombinant MMP1 enhanced their migratory capacity. Ectopic expression of MMP1 rendered the cells responsive to the signaling cues from the glioma cells in vivo. Finally, disrupting the interaction MMP1-PAR1 diminished the migratory ability of MSCs.[@b33-ov-4-149] Gelatinases are other proteases produced by MSCs during tissue invasion. Thus, MSCs possess the ability to break down endothelial basement membrane and migrate toward chemotactic factors. Such capabilities are likely a function of their responsiveness to chemotactic factors and production of ECM-degrading enzymes.

Understanding the molecular basis of the targeting ability of MSCs in the context of tumors became an important issue in the field. Being able to manipulate this capacity might open new avenues to improve the results of the delivery. One can envision the genetic manipulation of MSCs to enhance the expression of cell adhesion molecules involved in the processes previously described. An alternative way may be ex vivo selection of MSCs with improved migratory capacities, as described by Bolontrade et al.[@b34-ov-4-149] The authors compared in vitro adhesive capacities during MSCs isolation and then selected a specific subpopulation with the optimal highest adhesiveness, migration toward conditioned media from different cancer cell lines and fresh primary human cancer samples, and increased tumor homing toward tumor xenografts. These characteristics correlated with expression of specific integrins (integrins α2, α3, and α5) and metalloproteases production. A work by Klopp et al[@b26-ov-4-149] exploited the capacity of MSCs for migrating toward sites of inflammation by using low dose of irradiation on tumors in in vivo models. As early as 48 hours after irradiation, MSCs engrafted at significantly higher levels in irradiated versus unirradiated tumors. The authors characterized transforming growth factor-B1, vascular endothelial growth factor, platelet-derived growth factor-BB, and CCR2 as mediators of this effect. The results of this elegant work have clear clinical relevance, since radiotherapy is routinely used for treating many different types of cancers.

Mesenchymal stem cells and the immune responses
===============================================

The immune system has a recognized role in the outcome of virotherapies.[@b35-ov-4-149] Natural killer cells interfere with the action of oncolytic viruses, reducing or eliminating their efficacy.[@b36-ov-4-149] It is also known that adaptive immunity controls viral infections.[@b37-ov-4-149] On the other hand, oncolysis involves tumor cell death, with the possible release of tumor-specific antigens. These antigens, coupled to danger signals associated with viral infection,[@b38-ov-4-149] can stimulate an antitumoral immune response, increasing the clinical effect of the virus.[@b39-ov-4-149] The combination of MSCs with oncolytic viruses has important implications in the development of immune responses that occur in these patients, which make them different from the virotherapy used without MSCs. These cells have a well-known role in the function of human antigen-presenting cells and in effector and regulatory leukocytes of the innate and adaptive responses.[@b40-ov-4-149]--[@b47-ov-4-149] It has also been reported that autologous MSCs may function as antigen-presenting cells in animal models.[@b48-ov-4-149],[@b49-ov-4-149] Therefore, MSCs may not only act as carrier cells but might as well modulate the immune responses taking place after infusing MSCs loaded with oncolytic viruses, ie, the antiviral and the antitumor immune responses. There are technical limitations in translating the results obtained with oncolytic viruses in preclinical models (alone or in combination with MSCs) when animals are either nonpermissive for the virus (as is the case for oncolytic adenoviruses, and to some extend herpex viruses) or when the viral cycle is too fast for a successful Trojan horse transfer (ie, coxsackie virus or vesicular stomatitis virus). Also critical when studying immune aspects of oncolytic virothetapies is the fact that human cancer cell lines are implanted in immunodeficient animals. Taking into account all these limitations, authors have reported experimental data indicating that MSCs may temporarily hide the presence of the oncolytic virus from the immune system, retarding the attack and inactivation of the virus, thus allowing for a longer therapeutic window. The administration of MSCs as carriers of oncolytic measles virus in passively immunized mice with ovarian cancer resulted in increased survival compared to that of mice treated with naked virus or uninfected MSC.[@b50-ov-4-149] In a rat model susceptible to human adenovirus infections,[@b51-ov-4-149] the authors evaluated the antiadenoviral immune response following delivery of oncolytic adenoviral vectors using MSCs as carriers, and found improved delivery, enhanced dissemination, and increased persistence of viruses via suppression of the antiviral immune response. A second important aspect is the fact that MSCs may modulate their gene and protein expression profile depending upon the environment.[@b52-ov-4-149] Oncovirus-infected MSCs would adopt a proinflammatory MSC1 phenotype, and will arrive and lodge into tumor sites, which are "sterilized" inflamed tissues and would promote an immunomodulating MSC2 phenotype on the MSCs.[@b53-ov-4-149] The role of the carrier MSCs on the immune response will eventually be the result of these two opposite forces. It is not easy to decide what final phenotype would be preferable for the MSCs when carrying oncolytic viruses in cancer patients. On the one hand, inflammation may favor the benefits of virotherapies; therefore, a predominant MSC1 phenotype would be desiderable.[@b54-ov-4-149] However, on the other hand, MSCs less responsive to viral infection might hide the virus from recognition and attack by the patient's innate and adaptive immune system before viral delivery at the metastasis sites, favoring better conditions for the in situ oncolytic effect. [Figure 1](#f1-ov-4-149){ref-type="fig"} depicts the potential effects of MSCs as carriers for oncolytic viruses and as modulators of the antiviral and antitumor immune responses.

Practical questions
===================

It is not currently known what oncolytic virus would be best to combine with MSCs for clinical uses. It may be anticipated that a candidate virus should possess a few characteristics before it can be considered for the Trojan horse approach using MSCs. On the one hand, the oncolytic virus must be able to infect the cellular vehicle through their own receptors (virus specific) that have to be expressed by MSCs or through modified manipulation (such as the RGD motif). Second, the lytic cycle of the virus must provide enough time for carrier cells as to home into the tumor, as described earlier. Third, virus immunogenicity is a key aspect. Fourth, the virus has to go unnoticed by the immune system as long as possible. Here, since MSCs will provide initial concealment, it seems preferable to have a virus that generates a strong local inflammatory response to trigger further leukocyte infiltration and change the immunosuppressive status of the tumor. We have used an oncolytic adenovirus in our strategy. Initially, MSCs infected with adenoviral vectors showed no major changes in phenotypic or functional characteristics,[@b55-ov-4-149] so all considerations commented earlier should be valid when they are infected with oncolytic adenoviruses for treating patients. MSCs have a 48--72-hour viability window following oncoviral infection,[@b2-ov-4-149] after which they should disappear because of the viral replication within that destroys them. Therefore, their function as vehicles should have already taken place. Studies on the kinetics of infused MSCs in animals have shown that this length of time should be enough.[@b56-ov-4-149],[@b57-ov-4-149] It is important to consider that intravenously infused MSCs may change location after their initial first-pass effect. Their function as immune modulators, either as MSC1 or MSC2, should also disappear within this time frame. In this case, their immune effect should primarily be related to the antiadenoviral response, rather than the antitumoral one. However, it has been recently reported that MSCs have a short-term memory and retain information about danger signals of the environment,[@b58-ov-4-149] which may allow them to participate in the antitumor immune response once they home into the metastasis sites. It is not known how MSCs, responsible of many tolerant mechanisms, may affect the tumor microenvironment during the time they are functionally viable.

The combination of MSCs and oncolytic viruses has not yet been pursued in the clinical setting by many groups. Although different sources of MSCs have been used in preclinical models, there is no data on the impact that the source (bone marrow and adipose tissue are the two most commonly used in clinic for other diseases)[@b4-ov-4-149] or the histocompatibility (autologous, related, or unrelated donor) of MSCs may have in clinical outcome, both interesting issues for future research. A Mayo Clinic group is leading a Phase I/II trial for assessing safety, dosage, and clinical effect of adipose tissue-derived MSCs infected with an oncolytic measles virus encoding thyroidal sodium iodide symporter (MV-NIS) in patients with relapsed ovarian cancers ([ClinicalTrials.gov](http://ClinicalTrials.gov) Identifier: NCT02068794). This trial is the continuation of preclinical experiments carried out by the investigators.[@b57-ov-4-149] Our group[@b2-ov-4-149] has been developing a strategy for the treatment of refractory and metastatic solid tumors in children for the last 10 years, based on the administration of Celyvir: autologous bone marrow--derived MSCs infected with ICOVIR-5, an oncolytic adenovirus[@b59-ov-4-149] designed for systemic treatment of disseminated tumors. ICOVIR-5 contains several modifications that give selective replication ability in cancer cells in which the Rb/E2F route is deregulated.[@b60-ov-4-149] Our strategy uses systemic infusions of Celyvir aiming at enhancing the targeted delivery of the oncolytic adenovirus to the metastasis sites based on the natural tumor tropism of the MSCs.[@b61-ov-4-149] Our initial clinical experience has been an already finished[@b62-ov-4-149] compassionate use program in children with refractory tumors, mainly neuroblastoma, and a currently open clinical trial recruiting children and adult patients with advanced cancers (EudraCT2008-000364-16; ClinicalTrials Identifier: NCT01844661). Although a final analysis of these experiences is still pending, after more than 300 doses administered to over 30 children plus six adults with cancer, the first conclusion to be drawn is that tolerance is excellent, with viral-related toxicities being very mild and self-limiting. Hematological and biochemical controls performed to patients during treatment with Celyvir have all been in the normal range. Furthermore, in addition to the oncolytic capacity of Celyvir, the antitumor immune response seems essential in the clinical course of this therapy. We will provide a thorough analysis when the trial is completed.

Conclusion and future perspectives
==================================

Delivered by MSCs, oncolytic virotherapies may add value to the intrinsic viral oncolytic capacities and immunotherapeutic effects[@b1-ov-4-149] (see, for instance, the recent review by Sampath and Thorne[@b63-ov-4-149] on oncolytic virotherapies). Several characteristics of the MSCs, related to their migratory and immune-modulation capacities, contribute to the success of the new medicinal product. Enhancing our understanding of the mechanisms governing MSCs migration and MSCs immune modulation of the antiviral and antitumor immune responses will help in designing safer and more efficacious therapies.
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**Notes:** (**A**) The immune system interferes with the action of OV, reducing or eliminating their efficacy as anticancer agents. Independently, the tumor microenviroment inactivates the attack of the immune system. (**B**) MSCs enhance the oncolytic action of OV by protecting them from the immune system while delivering them at the tumor sites. In addition, MSCs may interfere with the mechanisms of immunosuppression developed by the tumor microenvironment, enabling an antitumor immune response. Solid lines indicate dominant action whereas dotted lines indicate impaired action. Colors identify each main character, ie, immune response (red), tumor (blue), and virotherapy (green).\
**Abbreviations:** OV, oncolytic viruses; MSCs, mesenchymal stem cells.](ov-4-149Fig1){#f1-ov-4-149}
